ABSTRACT We measured the dependence of electrophoretic mobility of dipalmitoylphosphatidylcholine (DPPC) vesicles on the aqueous concentration of negatively charged ions of pentachlorophenol (PCP), dipicrylamine (DPA), and tetraphenylborate (TPhB). The objective was to determine how the physical state of hydrocarbon chains of lipids affects adsorption of lipophilic ions. The studies were done at 25 and 420C to determine adsorption properties of DPPC membrane in the gel and fluid state, respectively. From the analysis of {-potential isotherms in terms of Langmuir-Stern-Grahame model we obtained the association constant, K, the area of the adsorption site, P., and the linear partition coefficient, /. Results: K, (24 ± 7), TPhB (24 ± 6). It was interesting to find that the adsorption site area for PCP, DPA, and TPhB were very similar for both the gel and fluid membranes; also, the areas were independent of the size and molecular structure of the adsorbing species. Using a simple discrete charge model the adsorption site areas for all species were consistent with a dielectric constant of 8-10 and with an ion adsorption depth of 0.4-0.6 nm below the water/dielectric interface. The AAG0 = AG0(gel) -AG0(fluid) was found to be about twice as large for PCP than for DPA and TPhB. This indicates that PCP will be significantly more adsorbed in the fluid and disordered regions of biomembranes, whereas the distribution of DPA and TPhB is expected to be relatively more even.
INTRODUCTION
To describe the interaction of xenobiotics with biological membranes, one needs to first understand their interaction with lipid bilayers and develop insight into the relationships between the molecular structure of both the xenobiotic molecule and the lipid bilayer matrix.
The present study is concerned with pentachlorophenol (PCP), a highly toxic environmental pollutant, and addresses two questions: (a) how does the physical state of lipids in target membranes affect the adsorption of negatively charged PCP-, and (b) how do the adsorption characteristics of PCP-compare with those of wellknown lipophilic ions used as membrane probes: tetraphenylborate (TPhB-) and dipicrylamine (DPA-). The answers are expected to guide the development of molecular mechanisms of chlorophenol's toxicity to membranes along with useful information for the biophysics and biochemistry of lipid membranes.
Toxicity of PCP has been associated with its presence in biomembranes and uncoupling of ATP synthesis from the electron transport chain (1, 2) . Small Smejtek. as Maher and Singer (3) showed for 2,4-dinitrophenol. Our earlier work (4) has shown that PCP decreases the gel-to-fluid phase transition temperature of phosphatidylcholine (dimyristoylphosphatidylcholine [DMPC] and dipalmitoylphosphatidylcholine [DPPC] ) membranes. PCP alters the physical properties of membranes and was found to induce electrical conductivity in lipid bilayers (5, 6) . Toxicity in algae (7) was related to induced membrane conductivity by the transmembrane transfer of protons (5) (6) (7) . Solvatochromic shifts of absorption spectra of PCP-and changes in the pKa of PCP adsorbed to phosphatidylcholine (PC) membranes suggested that the adsorption sites of PCP-are located at some depth below the membrane surface (8) .
In this work we have compared the interaction of PCPand two benchmark lipophilic ions TPhB-and DPAwith DPPC membranes. These lipophilic ions have been extensively used in membrane studies (9) (10) (11) (12) . It is well known that these ions, similar to PCP-, are adsorbed at some depth within the membrane. Adsorption of positively and negatively charged lipophilic ions has been successfully treated by the dipolar model of lipid bilayer membranes developed by Flewelling and Hubbell (13) . Also, the interactions of small molecules with membranes have been recently reviewed in reference 14. We have selected DPPC in studying the effect of conformational order of hydrocarbon chains of lipids on the adsorption of lipophilic ions in membranes. The major reason for selecting DPPC membranes is that they are the best understood model for phospholipid membranes (15 (18) .
While taking into consideration the scatter of thermodynamic data pertinent to adsorption of lipophilic ions of our interest (e.g., Table 2 (1) where d is the screening distance of the Debye-Huckel theory (24) . The sheer distance, s, was determined from the calibration given in reference 21, s = 0.255 nm for the solutions with 0.03 M KCl + buffer, and s = 0.33 nm for solutions with 0.002 M KCl + buffer. The membrane surface potential is related to surface charge density arm by the condition of electroneutrality, which in MKS-SI units is given by am + {2kTEEo z C,0 [exp (-zieV../kT) -1]11/2 = 0. (2) C0o is the volume density of ions of charge zie in the bulk aqueous solution and is the dielectric constant of water.
The surface charge density of DPPC membrane is determined by the surface density of adsorbed organic ions (A -)m 
where P, is the membrane surface area associated with the adsorption site.
The repulsion of negatively charged adsorbing species from the negatively charged membrane is accounted for by a Boltzmann factor (Fig. 1 a) . The variations of Ps, within the intermediate range of concentrations, alter the slope (Fig. 1 b) The adsorption site areas obtained from the Langmuir model represent the membrane surface area occupied by one molecule. In most of the past studies of adsorption on lipid bilayer membranes the adsorption sites were not well defined or were not the center of interest. In some cases, such as adsorption of calcium and other inorganic divalent cations, each negatively charged lipid molecule can be regarded as the adsorption site as was concluded from the existence of the reversal of polarity of the {-potential (26) . The assumptions of 1:1 or 1:2 binding stoichiometries are expected not to be applicable to large molecular ions that intercalate into the bilayer. As a result of adsorption of PCP-, DPA-, and TPhB-one would expect formation of a domain of localized deformation of lipids centered around the intercalated molecular ion. A region defining the area of adsorption site was expected to Fig. 4 .
The polarization of the aqueous medium by the adsorbed ions causes the electric field created by these ions inside the membrane to be noncoulombic. The polarized aqueous solution can be replaced by the membrane-like dielectric and the charges induced at the interface can be replaced by the image charges q = -wq1 and q ' = -wq2 (23) . For complete electrostatic screening of the adsorbed ions by counterions in the aqueous medium, i.e., regarding the aqueous solution to be a perfect conductor, one can assume w = 1. Even in the absence of a salt solution, = (Eaq -(m)/(%aq + e m). The screening distance of the aqueous solution in our studies was -1 nm and thus the screening of adsorbed ions by counterions is appreciable over the distances of our interest. Because the polarization of the water solution and the screening by counter-ions are additive, it will be assumed that w is equal to unity.
It follows from the diagram in Fig. 4 that the potential energy of charges q1 and q2, adsorbed at a depth I within the membrane boundary region of dielectric constant em, FIGURE 4 Model of membrane/water interface illustrating two ions q, and q2 separated by a distance r and adsorbed at a depth I below the level of penetration of water in the membrane. Due to the presence of aqueous solution, the interaction between ions adsorbed in the membrane is noncoulombic. The The dielectric constant Em signifies the average di tric constant within the membrane boundary reM FIGURE 5 Illustrates the dependence of electrostatic potential energy on the separation of ion pairs adsorbed at various depths below the membrane-water interface and the concept of a cut-off disk model. The potential energy U computed according to Eq. 7 for e,,, = 10 was normalized to thermal energy at 300 K. For shallow adsorption we assumed an adsorption depth of 1, = 0.2 nm (case U,) and for deep adsorption (case U2) 12 = 0.8 nm. ition Fig. 6 shows how the adsorption site area depends on the ns of dielectric constant for several values of adsorption depth. with The broken horizontal lines at 5 nm2 indicate the representative value of the adsorption site area determined from (10) the experimental results. (10) The potential energy of ion-ion repulsion is determined
The both by em and 1. Because we do not know how em is related to 1, we plot in Fig. 7 the relationship between (m and I for constant adsorption sites areas (4, 5, and 6 nm2) accord- The selection of a dielectric constant of -10 for the membrane boundary region is supportable by other results. For optical probe merocyanine-540 it was established that the local dielectric constant within the chromophore adsorption region is 6-8 for PC and 8-10 for PS (32) .
Localization of adsorption site of PCP-, TPhB-, and DPA-
The mobile discrete charge model assumes the existence of a sharp interface between the conductive aqueous medium and the membrane. The question arises as to where to locate this interface since the adsorption depth I is referenced to it.
There are numerous characteristic planes defined for the lipid membranes whose position is highly relevant for the interpretation of the x-ray and neutron diffraction data (33) . A consensus has been developed to locate the hydrophobic/hydrophilic boundary close to the first CH2 group of the hydrocarbon chains (34, 35) . We have assumed various locations of the interface and found that there is a satisfactory overall consistency if the interface is placed at the carbonyl oxygen group of the deeper penetrating hydrocarbon chain. By this assignment we are identifying the conductor/dielectric interface of the model with the location of the water penetration level proposed earlier by Simon and McIntosh (34) . This results in placing the charge centers of PCP-, TPhB-, and DPA-at the level of the third and fourth carbons of the hydrocarbon chains. The location of PCP-within the DPPC membrane in the gel and fluid state is shown in Fig. 8 using the molecular models.
There are several results in the literature identifying the location and properties of the adsorption of lipophilic ions in membranes. In a theoretical study (13) , the optimum parameters used in the dipolar model, which predicts satisfactorily the change in Gibbs free energy on adsorption of TPhB-and TPP+ (Table 2 in reference 13) , are a dielectric constant of 10 and the location of the adsorption layer 2 nm from the center of membrane, i.e., also below the region of carbonyl oxygens. In another study, the decrease of the transmembrane translocation rate constant of DPA-with the increase of its aqueous concentration was explained in terms of a discrete charge model of the interface (10) similar to ours. The increase of the translocation rate constant resulted in an empirical relationship between the depth of adsorption and the dielectric constant of the membrane boundary region. These were l(nm) = 0.025 Em for the dioleylphosphatidylcholine and l(nm) = 0.06 em for the GMO/Chol membranes. Using our adopted range of dielectric constants 8-10, the predicted adsorption depths are 0.2-0.25 nm for the former and 0.5-0.6 nm for the latter membranes. Our values of adsorption depth 0.4-0.5 nm fall within the range derived from their empirical relationships.
Free energy of adsorption of PCP, DPA-, and TPhB-on DPPC membranes
We have assumed according to reference 19 the width of the adsorption layer to be 0.4 nm and determined the Gibbs free energy changes associated with the adsorption of PCP-, DPA-, and TPhB-to DPPC membranes in the gel and fluid states ( Table 2 ). There are several notable features of these results. The free energy changes for the adsorption of DPA-and TPhB-are the same within the experimental errors. This applies both to the gel and the fluid states. The differences between AG' values, AAG' = AG' (gel) -AG' (fluid) for DPA-and TPhB-are about 
